In most cyanobacteria, the gene rbcX is co-transcribed with the rbcL and rbcS genes that code for the large and small subunits of ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco). Previous co-expression studies in Escherichia coli of cyanobacterial Rubisco and RbcX have identified a chaperonin-like function for RbcX. The organization of the rbcLXS operon has, to a certain extent, precluded definitive gene function studies of rbcX in cyanobacteria. In Synechococcus PCC7942, however, rbcX is located 4100 kb away from the rbcLS operon, providing an opportunity to examine the role of RbcX by insertional inactivation without interference from the Rubisco genes. Fully segregated Synechococcus PCC7942 ÁrbcX::Km R mutants were readily obtained that showed no perturbations in growth rate or Rubisco content and activity. Low amounts of rbcX transcript were detected in Synechococcus PCC7942; however, a sensitive antibody raised against purified RbcX failed to detect RbcX expression in cells exposed to different stress treatments. In contrast, co-expression studies of Rubisco assembly in E. coli showed that RbcX from Synechococcus PCC7942 and PCC7002 are functionally interchangeable and can stimulate assembly of the PCC7942 and PCC7002 Rubisco subunits. Our results indicate that Rubisco folding and assembly in Synechococcus PCC7942 may have evolved to be independent of RbcX function, apparently in contrast to other b-cyanobacteria. We speculate that divergent evolution of the RbcL sequence may have relaxed a requirement for RbcX function in Synechococcus PCC7942 and propose a new approach for definitively isolating RbcX function in other b-cyanobacteria.
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Introduction
Clustering of genes coding for structurally related components is a common feature in cyanobacterial genomes. The size of these clusters is variable, with genes coding for photosynthetic processes such as the carbonconcentrating mechanism, the ATP synthase complex and the light-harvesting phycobilisomes arranged in large, tightly organized clusters. This clustering is thought to assist in coordinating the synthesis and assembly of the various complex components (Tabita 1999 , Shi et al. 2005 ).
Other genes involved in photosynthesis are located independently or arranged in smaller clusters, such as the rbcLXS operon found in the b-cyanobacteria [those cyanobacteria possessing form 1B ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco); Badger et al. 2002] . This operon codes for the RbcL (52 kDa) and RbcS (13.3 kDa) proteins that assemble into the CO 2 -fixing hexadecameric (L 8 S 8 ) enzyme Rubisco (EC 4.1.1.39; Goloubinoff et al. 1989 , Tabita 1999 , Roy and Andrews 2000 , Houtz and Portis 2003 . In contrast, the RbcX product ($15.5 kDa) of the intermediary rbcX gene is not part of the final Rubisco complex and, unlike RbcL and RbcS whose sequences are highly conserved by functional constraints, the RbcX sequence is highly variable (560% similarity) amongst cyanobacterial species (Rudi et al. 1998) . Nevertheless, the juxtaposition of rbcX within an rbcLXS operon is highly conserved in b-cyanobacteria, suggesting that the RbcX product may function in a role associated with CO 2 fixation (Larimer and Soper 1993 , Li and Tabita 1997 , McGinn et al. 2003 , Onizuka et al. 2004 .
Studies on chaperone-assisted assembly of cyanobacterial L 8 S 8 Rubisco have been almost exclusively conducted in Escherichia coli. Generally, most of the RbcL synthesized is unable to be correctly folded by the E. coli molecular chaperone network, resulting in their aggregation into functionally inactive, insoluble inclusion bodies (Gurevitz et al. 1985 , Goloubinoff et al. 1989 , Larimer and Soper 1993 , Checa and Viale 1997 . In contrast, most of the RbcS produced in E. coli is found assembled into L 8 S 8 , with the small pool of unassembled RbcS remaining primarily soluble. Expression studies in E. coli using cyanobacterial Rubisco have therefore been able to demonstrate the importance and role of various chaperones in protein folding and assembly as well as providing insights into the mechanism of Rubisco assembly (Roy and Andrews 2000, Houtz and Portis 2003) . In particular, these studies have highlighted the role of DnaK in reducing aggregation of misfolded RbcL peptides and demonstrated the ability of the GroEL-GroES complex to promote assembly of RbcL and RbcS into functional enzyme (Goloubinoff et al. 1989, Checa and Viale 1997) . Likewise, RbcX from the cyanobacteria Anabaena sp. strain CA and Synechococcus PCC7002 have been found to increase the amount of functional Rubisco correctly assembled in E. coli, consistent with a molecular chaperone-like function (Li and Tabita 1997, Onizuka et al. 2004) . The structurally unrelated products of the cbbQ and cbbX genes that are clustered with the Rubisco genes in proteobacteria have also been shown to promote similar improvements in Rubisco assembly and activity (Gibson and Tabita 1997 , Hayashi et al. 1999 , Hayashi and Igarashi 2002 .
Previously, to ascertain the function of RbcX in Synechococcus PCC7002 (marine species), the single rbcX gene copy was targeted for insertional inactivation (Onizuka et al. 2004) . Complete segregation of the mutation was not obtained, indicating an obligatory functional role for RbcX or, alternatively, that the proximity of rbcX in the rbcLXS operon resulted in pleiotropic disruption of the expression of rbcL and/or rbcS. In the freshwater cyanobacterium Synechococcus PCC7942, however, the Rubisco operon is comprised only of the rbcLS genes separated by 90 bp of intergenic sequence. Our analysis of the 2.7 Mb Synechococcus PCC7942 genome sequence (http://www.jgi.doe.gov) identified a single isolated rbcX copy 4100 kb away from rbcLS, with the flanking genes having no apparent connection with photosynthesis (Fig. 1A) . In this work, we took advantage of the remote positioning of rbcX relative to rbcLS within the Synechococcus PCC7942 genome to try and ascertain the function and stress-responsive regulation of this gene. Given the sequence divergence in the RbcX family, we also examined the ability of RbcX from different cyanobacterial species to improve Rubisco assembly in E. coli.
Results

RbcX in Synechococcus PCC7942
A comparison of the translated RbcX products from Synechococcus PCC7942 and other sequenced cyanobacterial genomes shows that their peptide sequence varies significantly, sharing 560% identity with each other (Fig. 1B) . A distinctive feature of Synechococcus PCC7942 RbcX is the additional 7-9 residues in the C-terminal region. An antibody was generated to RbcX that specifically recognized recombinant PCC7942-RbcX expressed in E. coli, and as little as 10 ng of purified RbcX could readily be detected on immunoblots ( Fig. 2A) . In Synechococcus PCC7942 protein extracts from cells grown under optimal conditions, no RbcX was detectable, even on immunoblots containing 70 mg of protein ( Fig. 2A) .
To see if expression was stimulated in response to perturbations in the growth conditions, Synechococcus PCC7942 cells were grown at elevated CO 2 , deprived of CO 2 , thermally stressed and grown at different light intensities. Irrespective of the growth condition, no RbcX The inability to detect RbcX in Synechococcus PCC7942 protein extracts necessitated confirmation that rbcX was transcribed. In cells grown at high CO 2 , rbcX mRNA was detected at relatively low abundance (Fig. 2C) . As shown previously (Woodger et al. 2003) , under these growth conditions, the level of cmpA transcript (encoding part of an inducible high affinity HCO À 3 transporter) was also low, while the amount of rbcL and ccmM (encoding the prominent CcmM protein of the carboxysome) was 4100-fold higher. After bubbling the cultures with ambient air for 30 min, the amount of cmpA, rbcL and ccmM transcript increased, as shown previously (Emlyn-Jones et al. 2006) . In particular the cmpA mRNA pool size was elevated by 410-fold (Fig. 2C) . In comparison there was little, or no, change in rbcX transcript abundance.
Inactivation of rbcX in Synechococcus PCC7942
The low abundance of rbcX transcript and the inability to detect RbcX led us to test the requirement for RbcX function in Synechococcus PCC7942. Previous attempts to inactivate rbcX in Synechococcus PCC7002 produced transformed cell lines that would not fully segregate, signifying that RbcX may be essential for survival (Onizuka et al. 2004 ). The rbcX gene in Synechococcus PCC7942 was therefore inactivated by interrupting its coding sequence with the kanamycin resistance (Km R ) gene for aminoglycoside 3 0 -phosphotransferase (Fig. 3A) . In contrast to Synechococcus PCC7002, rbcX was readily inactivated in Synechococcus PCC7942 with fully segregated ÁrbcX::Km R transformants obtained after , or bubbled initially with air and then either deprived of CO 2 by bubbling with CO 2 -free air (0% CO 2 ) or thermally stressed by growing at 378C for 24 h. (B) Immunoblot of PCC7942 total cellular protein (20 mg) extracted in buffer without protease inhibitors and incubated at 228C with and without 50 ng of purified PCC7942 RbcX. The blots were probed with antisera to RbcX from Synechococcus PCC7942. (C) The cmpA, ccmM, rbcL and rbcX transcript abundance measured in PCC7942 cells grown at high CO 2 before and after reducing external C i by bubbling with air for 30 min. Message abundance was determined in RNA rapidly extracted from two, independent replicate cultures for both C i treatments using quantitative real-time reverse transcription-PCR and is expressed relative to the housekeeping pepc (coding for phosphoenolpyruvate carboxylase) gene as described (Woodger et al. 2003) . mRNA abundance for cmpA, ccmM and rbcL was significantly increased with low C i treatment (P50.05) but not for rbcX (P 40.1).
plating cells a second time on selective media (Fig. 3B) . Moreover, the ÁrbcX::Km R genotype was stably retained such that transformed cells could be grown under non-selective conditions (i.e. without kanamycin) without loss of Km R .
Cell viability is not perturbed in ÁrbcX::Km R transformants
The growth and ultrastructure of ÁrbcX::Km R cells was compared with the wild type. Doubling times for both cell lines were measured in medium maintained at elevated temperature (378C) or at the optimal growth temperature (308C) and bubbled with air enriched or not with 2% (v/v) CO 2 . No difference in growth rate between the ÁrbcX::Km R and wild-type Synechococcus PCC7942 cells was discernible under the different growth conditions, with their growth rates similarly impaired at 378C and moderately faster at high CO 2 (Table 1) . A comparison of cell ultrastructure by transmission electron microscopy showed no discernible phenotypic differences between wild-type and ÁrbcX::Km R cells (not shown).
Rubisco content and activity in ÁrbcX::Km (Fig. 4) . The variations in Rubisco content were matched by comparable differences in RuBP-dependent carboxylase activity measurements, thus resulting in similar carboxylation turnover rates (k c cat ) for wild-type and ÁrbcX::Km R cells (Fig. 4) . The amount of Rubisco in the cytosol was also measured following precipitation (Price et al. 1993 ). Approximately 13-15% of the total cellular Rubisco was present in the cytosol of both ÁrbcX::Km R and wild-type cells, indicating that deletion of RbcX did not affect the partitioning of Rubisco into carboxysomes.
Synechococcus PCC7942 RbcX improves functional Rubisco assembly in E. coli
Our inability to determine any functional role for RbcX in Synechococcus PCC7942 led us to examine whether it has a role in the production, folding and assembly of RbcL and RbcS into functional Rubisco in E. coli. The rbcX gene and rbcLS operon were amplified from the Synechococcus PCC7942 genomic DNA and separately cloned into compatible plasmids (pACYCtrc and pTrcHisB, respectively) with expression controlled by the isopropyl-b-D-thiogalactopyranoside (IPTG)-inducibleTrc promoter (P trc ) and lacI repressor (Fig. 5) . Cultures of XL1-Blue were transformed with pTrc7942LS alone or together with pACYC7942rbcX, and protein production was induced at optimal (378C) or lower (228C) growth temperatures. In cells only expressing Rubisco, the amount of functional Rubisco (measured by CABP binding) in the soluble cellular protein was 4-fold higher in cells grown at 228C compared with those grown at 378C (Fig. 6A) . When co-expressed with RbcX, the amount of functional Rubisco produced improved 3-and 7-fold in cells grown at 22 and 378C, respectively. Ribulose bisphosphate (ribulose-P 2 )-dependent carboxylase activities in the protein extracts were also measured. These validated the CABP binding results, with similar estimates of k c cat measured for all samples that were, in turn, similar to those measured for the fully assembled L 8 S 8 enzyme in PCC7942 cells (Figs. 4, 6A) .
To examine if PCC7942-RbcX promoted the production of RbcL in E. coli, samples of the total cellular (lysate) and soluble protein were analyzed by immunoblotting with the Rubisco antibody. While there was an $4-fold increase in the total pool of RbcL produced in cells grown at 378C relative to those grown at 228C, there was no discernible difference in the RbcL pool size in cells producing RbcX compared with those that were not (Fig. 6B) . This indicated that PCC7942-RbcX did not stimulate PCC7942-RbcL production in E. coli. We also found that a significant amount (495%) of the RbcL produced was insoluble. Importantly, despite the low amount of correctly assembled protein, the difference in the amount of RbcL detected on immunoblots of E. coli soluble protein correlated with the different levels of functional L 8 S 8 Rubisco measured by CABP binding and carboxylase activity (Fig. 6A, B) .
Quantitation of 7942 RbcX expression in E. coli
To measure the amount and distribution of PCC7942-RbcX expressed in the soluble and lysate protein fractions of E. coli, a range of concentrations of purified PCC7942-RbcX were separated on the same SDS-gel and evaluated by immunoblotting with the PCC7942-RbcX antibody (Fig. 6A) . In contrast to RbcL, the RbcX produced was primarily soluble and found in similar amounts at either growth temperature (Fig. 6B) . It was found to accumulate to $0.6% (w/w) of the soluble protein (i.e. $0.4 nmol mg À1 E. coli protein). On a molar basis, this is $2-fold more than the amount of RbcL assembled into functional L 8 S 8 Rubisco, but 420-fold less relative Fig. 5 General features of plasmids used to direct Synechococcus Rubisco and RbcX expression in E. coli. The Rubisco rbcL-rbcS operon and rbcX gene from Synechococcus PCC7942 were cloned into the expression vectors pTrcHisB and pACYCtrc to give plasmids pTrc7942LS and pACYC7942rbcX, respectively. A synthetic rbcL-rbcS operon from Synechococcus PCC7002 was cloned by inserting the rbcS gene at the 3 0 end of the intergenic region following rbcL to replace rbcX. The operon was cloned into pTrcHisB to give plasmid pTrc7002LS. The rbcX gene from Synechococcus PCC7002 was cloned into pACYCtrc to give plasmid pACYC7942rbcX. Gene expression was regulated by the trc promoter (P) and rrn terminator (T) sequences. The annealing position and orientation of the primers used to amplify the genes are shown.
to the total pool of RbcL produced. As all genes were controlled by the trc promoter, this variation in relative expression may largely be attributable to differences in the copy number of the plasmids used to clone the genes (Fig. 5) . If so, improving the expression of RbcX relative to RbcL might be possible by re-cloning the rbcX and rbcLS genes into pTrcHisB and pACYCtrc, respectively. However, this was beyond the scope of the current study.
The RbcX from PCC7002 stimulates PCC7942 Rubisco assembly in E. coli
To investigate whether RbcX from another cyanobacterium can stimulate assembly of Synechococcus PCC7942 Rubisco in XL1-Blue E. coli, XL1-Blue cells harboring pTrc7942LS were co-transformed with pACYC7002rbcX that contains the Synechococcus PCC7002 rbcX gene under the control of the trc promoter (Fig. 5) . Both CABP binding and carboxylase activity assays showed that in E. coli producing RbcX from PCC7002, more of the PCC7942 Rubisco could be recovered in the soluble cellular protein. This was particularly apparent in cells grown at 228C where $2-fold more functional Rubisco was produced than in the cells producing RbcX from PCC7942 (Fig. 6A ). Immunoblot analyses with the RbcL antibody confirmed the increase in the amount of soluble RbcL but showed this was not due to more RbcL being produced overall (Fig. 6B) . Using the same blots, an antibody that recognizes RbcX from PCC7002 showed that the protein was primarily expressed as a soluble protein in E. coli and was found to be Immunoblot analysis of RbcL and RbcX expression in E. coli samples comparing the partitioning of the peptides in the soluble protein fraction (sol, 10 mg protein per lane) relative to the total cellular protein [lys, contains both insoluble and soluble (10 mg) protein]. RbcL was identified using antisera to tobacco Rubisco (1: 5,000 dilution) and the RbcX peptides identified using antisera to PCC7942-RbcX (1: 1,000) and PCC7002-RbcX (1: 500).
equally abundant in cells grown at 22 or 378C. Notably, the PCC7002-RbcX antibody did not recognize RbcX from PCC7942 and vice versa for the PCC7942-RbcX antibody (Fig. 6B) .
Synechococcus PCC7002 Rubisco assembly in E. coli
In a reciprocal experiment to that shown in Fig. 6A and B, the influence of growth temperature and both RbcX peptides from either Synechococcus species in stimulating assembly of PCC7002 Rubisco in E. coli was examined. Similar to PCC7942 Rubisco assembly, when co-expressed with either RbcX peptides, more functional PCC7002 Rubisco was recovered, particularly in E. coli grown at 228C and in those producing RbcX from PCC7002. Again, Rubisco content measured by CABP binding was reflected in carboxylase activity measurements, resulting in equivalent measurements of k c cat (Fig. 6C) . Likewise, immunoblot analysis of RbcL expression supported the measurements of soluble Rubisco content and again showed that most of the RbcL made was insoluble, with little, if any, difference in the total pool of RbcL produced in the cells grown at either 22 or 378C (Fig. 6D) . Immunoblot analyses showed that the amount of both RbcX proteins produced in the cells closely matched those measured in Fig. 6B , suggesting that RbcL and RbcS from Synechococcus PCC7942 are more amenable to being correctly folded and assembled in E. coli than the corresponding Rubisco subunits from Synechococcus PCC7002.
Discussion
We have shown here that RbcX is not essential for survival in the freshwater cyanobacterial strain Synechococcus PCC7942, in apparent contrast to the situation in Synechococcus PCC7002 (Onizuka et al. 2004) . Directed inactivation of the solitary PCC7942 rbcX gene by partial sequence deletion and disruption with a kanamycin-selectable marker gene produced numerous independent ÁrbcX::Km R transformants that fully segregated readily with no apparent detriment to growth rate, Rubisco content or activity. In wild-type PCC7942 cells, small amounts of rbcX mRNA could be measured, but no RbcX could be detected by immunoblotting using an antibody capable of detecting 510 ng of the protein, even in protein extracts from cells exposed to varying thermal, light and inorganic carbon stresses. Even when incubated with cyanobacterial extract for an extended period, purified RbcX appeared immune to proteolysis, indicating that the deficit of endogenous RbcX is unlikely to be caused by its rapid degradation during protein extraction. Taken together, these results suggest either that: we have yet to ascertain the growth conditions under which RbcX is required; RbcX is produced in finite amounts that are below the detection limit of the antibody (i.e. 50.01% of soluble cellular protein); or RbcX, as a redundant protein, is no longer translated. Attempts to detect RbcX in Synechococcus PCC7002 cells by immunodetection have also been unsuccessful (T. Onizuka, personal communication) .
Our co-expression analyses in E. coli support the proposed Rubisco chaperonin function of RbcX in this host. Comparable studies have demonstrated a similar chaperonin-like function of RbcX for Rubisco from Anabaena sp. strain CA (Li and Tabita 1997) and Synechococcus sp. PCC7002 (Onizuka et al. 2004 ). In Anabaena PCC7120, RbcX expression leads to improved Rubisco activity in E. coli cells even when co-expressed with the known Rubisco chaperones GroES and GroEL (Larimer and Soper 1993) . We have extended these studies to show that RbcX from either Synechococcus PCC7942 or PCC7002 are functionally interchangeable in stimulating the proper folding and assembly of Rubisco subunits from either species into functional L 8 S 8 enzyme. In particular, E. coli expressing PCC7002-RbcX were able to fold/ assemble more PCC7942 and PCC7002 Rubisco, indicating that its functionality in E. coli compared with PCC7942-RbcX is superior or that the cytosolic concentration of PCC7002-RbcX was higher. Nevertheless, their ability to substitute functionally for one another suggests that the tertiary structure of both RbcX proteins is conserved despite their relatively low sequence similarity (560%, Fig. 1B) . Whether a wider range of cyanobacterial RbcX proteins and Rubisco complexes are functionally interchangeable in this system remains to be tested.
While we found that RbcX from Synechococcus PCC7942 plays an apparent chaperonin-like role in Rubisco assembly in E. coli, its dispensability in the cyanobacterium warrants against assuming that RbcX naturally functions as part of the cellular chaperone network. This is particularly true if the apparent chaperonin function of RbcX in E. coli does not occur as a result of its direct interaction with Rubisco. For example, RbcX could improve Rubisco assembly in E. coli by indirectly stimulating the activity of one or more components of the E. coli chaperone network, a comparable role that may not be shared in cyanobacteria. Indeed, the necessity for and function of RbcX in other cyanobacteria therefore require further attention. In Synechococcus PCC7002, the interpretation of the lethal rbcX mutant phenotype is complicated by the position of rbcX in the rbcLXS operon (Onizuka et al. 2004 ). The effect of genomic alterations in this region on the transcription and translation of the rbcLKm R -ÁrbcX-rbcS mRNA in the mutant PCC7002 cells was not examined. Premature termination or inappropriate folding of the mRNA could have perturbed transcriptional and/or translational processing of rbcL and/or rbcS, and could account for the observed extremely low Rubisco content plus the non-viability of the fully segregated mutant. This possibility could be addressed by re-expressing RbcX from a plasmid shuttle vector in the mutant PCC7002 cells. An improvement in Rubisco content would confirm that the Rubisco-deplete phenotype is a consequence of the necessity for RbcX and not due to a disturbance in RbcL or RbcS production.
Our work also suggests that the use of appropriate regulatory sequences is important for cyanobacterial Rubisco expression in E. coli. We found that the IPTGinducible trc promoter (P trc ) elicited translation of sizeable amounts of the Synechococcus PCC7002 RbcL and RbcS proteins in E. coli, with a typical proportion of the RbcL (52%) able to assemble into functional L 8 S 8 Rubisco without the need for RbcX (Fig. 6C, D) . In fact, the total amount of PCC7002 RbcL (and also PCC7942 RbcL) produced in E. coli was independent of RbcX co-expression. In contrast, under the control of its own 5 0 regulatory sequences, no PCC7002 RbcL and RbcS were produced in E. coli unless co-expressed with rbcX (Onizuka et al. 2004) . Taken together, these results indicate that RbcX may interact with the 5 0 regulatory sequences of the PCC7002 rbc mRNA to facilitate its translational processing, supporting the proposition of Onizuka et al. (2004) .
A common, but not exclusive, feature of gene clusters in cyanobacteria is that they code for proteins that share a related function (Tabita 1999 , Shi et al. 2005 . By extension, the co-location of rbcX between rbcL and rbcS in most cyanobacterial genomes suggests some co-dependency or interaction between the translated products. We speculate that the atypical remoteness of rbcX from the rbcL-rbcS operon in the PCC7942 genome may indicate an uncoupling of this co-dependency through lack of evolutionary pressure to maintain a requirement for RbcX function. Given the absence of a measurable phenotype in the Synechococcus PCC7942 ÁrbcX::Km R mutants, determining the original function of RbcX may only be plausible in cyanobacteria with rbcLXS operons. As discussed above, specific inactivation of rbcX is complicated owing to potential pleiotropic affects on rbcLS transcription and translation. Circumventing these complications may be possible by using a Synechocystis PCC6803 mutant where the rbcLXS operon has been replaced by the rbcM gene coding for the homodimeric Rubisco from Rhodospirillum rubrum (Amichay et al. 1993) . In this background, a ÁrbcX mutant could be generated by reintroducing an rbc operon containing just rbcL and rbcS.
Based on expression studies in E. coli, it appears that the crucial limitation in assembly of b-cyanobacterial Rubisco is not the translation of the subunits but their assisted folding and assembly by the cellular chaperone network, a process that can be augmented by RbcX. If an obligate role for RbcX can be corroborated in Synechococcus PCC6803, or PCC7002, then the requirement for RbcX in these species and its redundancy in Synechococcus PCC7942 imply that precise evolved differences in the highly similar PCC7942-RbcL protein sequence may be responsible for relaxing the requirement for RbcX function.
Materials and Methods
Growth of Synechococcus sp. strain PCC7942
The unicellular cyanobacterium, Synechococcus sp. strain PCC7942 (also known as Synechococcus elongatus PCC7942, Synechococcus leopoliensis or Anacystis nidulans R2) was maintained on solid BG11 medium (Rippka 1988) 
DNA extraction, amplification and sequencing
Genomic DNA was extracted from cyanobacterial cells (Porter 1988 ) and used as template for all PCRs that were performed using Herculase Taq polymerase according to the manufacturer's protocols (Stratagene, LaJolla, CA, USA) unless otherwise stated. All amplified DNA sequences were fully sequenced using BigDye terminator sequencing (Applied Biosystems, Foster City, CA, USA) on an ABI 3730 sequencer (Biomolecular Resource Facility, JCSMR, ANU) following the manufacturer's protocol.
Purification of PCC7942-RbcX
Synechococcus PCC7942 rbcX was PCR amplified from genomic DNA using primers 7942RbcXab1 (5 0 -tccgcggtggaatgcaatttatgggtacagcctctaggatg-3 0 , SacII site underlined) and 9742RbcXab2 (5 0 -ggcgaattctcaatccgcatgggaggcattagaag-3 0 , EcoRI underlined) and the rbcX cloned into the SacII-EcoRI sites in the 6ÂHis-tagged ubiquitin fusion plasmid pHUE (Baker et al. 2005) , yielding pHUErbcX that was transformed into BL21(DE3) E. coli cells and a 100 ml culture grown at 378C in Luria-Bertani (LB) medium containing 200 mg ml À1 ampicillin (LB-Amp). When the cell density reached an absorbance of 1.2 at 600 nm, the temperature was reduced to 228C and protein expression induced with 0.5 mM IPTG. After 16 h, 6 g of cells were harvested by centrifugation and the RbcX protein was purified using Ni-NTA chromatography (Qiagen, Victoria, Australia) as described previously (Baker et al. 2005) .
RbcX antibodies
Antiserum to purified RbcX was raised in two mice that were immunized with three injections of 100 mg of protein every month before collecting the sera. The antibodies could easily detect 10 ng of purified RbcX using immunoblots ( Fig. 2A) .
Protein and chlorophyll extraction from cyanobacteria
Protein extracts were prepared from 100 ml cultures of cyanobacteria grown to cell densities (measured by absorbance at 730 nm) of $0.7-1.1. The cells were harvested by centrifugation (4,000Âg, 5 min), washed in buffer piperazine-N 0 -3-propanesulfonic acid)-NaOH, 0.6 M sucrose, pH 7.6], centrifuged and resuspended in buffer containing 2 mg ml À1 lysozyme. After 90 min at 378C the samples were centrifuged and the pelleted cells suspended in disruption buffer [50 mM EPPS-NaOH, 1 mM EDTA, pH 8, 0.1% (v/v) plant protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA) then broken using a French pressure cell (140 MPa). The remaining intact cells were removed by centrifugation (3,000Âg, 6 min at 48C) and an aliquot taken for SDS-PAGE analysis of the total cellular extract containing soluble and insoluble protein. The remaining protein was treated with 20 mM MgCl 2 on ice for 15 min to pellet the carboxysomes (Price et al. 1993 ) that were separated from the soluble cytosolic protein by centrifugation (30,000Âg, 15 min at 48C). Chl a was assayed in cyanobacterial methanol extracts of whole cells (Porra et al. 1989) .
Gene transcript measurements
First-strand cDNA synthesis from normalized total RNA, rapidly isolated from cells according to McGinn et al. (2003) , was conducted as described in Woodger et al. (2003) . Primers R2rbcX223F (5 0 -ctagcagctctactcaaccac-3 0 ) and R2rbcX469R (5 0 -cattagaaggatcatcaggag-3 0 ) were used to assay the rbcX transcript. Primer pairs specific to cmpA, ccmM and rbcL were as previously described (Woodger et al. 2003 , Emlyn-Jones et al. 2006 . Real-time reverse transcription-PCR assays incorporating SYBR Green I (to monitor product formation) were performed as described (Woodger et al. 2003 , Emlyn-Jones et al. 2006 ) except that a Rotorgene 3000 Thermocycler (Corbett Research, Sydney, Australia) was used and fold changes in transcript abundance relative to a basal condition were calculated after the method of Liu and Saint (2002) . Amplification efficiencies for each primer pair were determined as the average across any run. All reactions were carried out in quadruplicate.
Insertional inactivation of rbcX from Synechococcus sp. PCC7942 A 1.291 kb fragment containing the rbcX open reading frame was amplified from Synechococcus sp. PCC7942 genomic DNA using primers ÁrbcXF (5 0 -ccgtcagcagccaaggatagt-3 0 ) and ÁrbcXR (5 0 -ctgtacagcggggagaaacat-3 0 ) and cloned into pGEM-T Easy (Promega, Madison, WI, USA) yielding pGEMrbcX. The aminoglycoside 3 0 -phosphotransferase gene that codes for Km R (Sigma-Aldrich) and the flanking lacZa sequence was excised from pUC4K (GE Healthcare, Rydalmere, Australia; Km R gene from Tn903 cloned with a polylinker site) using HincII, and the 1,251 bp fragment cloned into NruI-digested pGEMrbcX, yielding two pGEMrbcXKm R plasmids with the Km R gene orientated in opposite orientations. Both plasmids were transformed into Synechococcus sp. PCC7942 according to Porter (1988) using an agar overlay for antibiotic selection. There was no difference in the phenotype of the numerous independent ÁrbcX::Km R colonies transformed with either plasmid, indicating that the orientation of Km R was inconsequential.
Growth and ultrastructure measurements
The growth of three 100 ml liquid cultures of fully segregated ÁrbcX::Km R mutants and wild-type Synechococcus sp. PCC7942 cells was measured without antibiotic. Cell densities were monitored by absorbance measurements (750 nm) using a diode array spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). Cell ultrastructure was viewed by transmission electron microscopy in samples prepared as described in Price and Badger (1989) using a Hitachi H-7100FA electron microscope (Hitachi, Japan).
Construction of RbcX expression vectors
The sequence spanning the trc promoter, multiple cloning site and rrnB terminator sequence in pTrcHisB (Invitrogen, Carlsbad, CA, USA) was amplified using primers Ptrc5 (5 0 -tgcatgcaaatattctgaaatgag-3 0 , SphI site underlined) and TrrnB3 (5 0 -tgcatgcagcgttcaccgacaaac-3 0 , SphI site underlined). The 659 bp SphI fragment was ligated in the SphI site of plasmid pACYC184 (New England BioLabs, Ipswich, MA, USA), where the NcoI and EcoRI sites had been silenced using the quick-change mutagenesis kit (Stratagene), to give plasmid pACYCtrc. The rbcX gene from Synechococcus PCC7942 was amplified from genomic DNA using primers 7942XF (5 0 -aatccatggaatttatgggtgtacagcctc-3 0 , NcoI site underlined, initiation codon in bold) and 7942XR (5 0 -ggcactagttcaatccgcatgggaggcattagaa-3 0 , complement of stop codon in italics) (Fig. 5) and the product cloned into pGEMTeasy before cloning it into NcoI-EcoRI-cut pACYCtrc, yielding plasmid pACYC7942rbcX. The Synechococcus PCC7002 rbcX gene was amplified from genomic DNA using primers 7002XF (5 0 -ggcccatggagtttaaaaaagttgcgaagg-3 0 , NcoI site underlined, initiation codon in bold) and 7002XR (5 0 -ggcgaattcttattcagaatcttctgaagtatcag-3 0 , EcoRI site underlined, complement of stop codon in italics) and the rbcX gene product cloned into pACYCtrc as a NcoI-EcoRI fragment, yielding plasmid pACYC7002rbcX (Fig. 5) .
Construction of RbcLS expression vectors
This is summarized in Fig. 5 . The rbcLS operon in Synechococcus PCC7942 was amplified using primers SynLsu5 (5 0 -acgccatggccaagacgcaa-3 0 , NcoI site underlined, initiator codon in bold) and SynSsu3 (5 0 -atgtcgacttagtatcggccgggacga-3 0 , SalI site underlined, complement of terminator codon in italics) and the 1,852 bp NcoI-SalI fragment cloned into NcoI-XhoI-cut pTrcHisB to give pTrc7942LS. The rbcL and rbcS genes were separately amplified from the rbcLXS operon in Synechococcus PCC7002 using the primer pairs 7002LF (5 0 -ggcccatggttcagaccaaatctgctgggt-3 0 , NcoI site underlined, initiator codon in bold)/ 7002LR (5 0 -ggcctgcagggtgactacgagtagtcctcg-3 0 , PstI site underlined, complement of terminator codon in italics) and 7002SF (5 0 -ggcctgcagactttgatccgataaagagga-3 0 , PstI site underlined)/7002SR (5 0 -ggcaagcttttagtaacgggtttggttggg-3 0 , HindIII site underlined, complement of terminator codon in italics), respectively. The rbcS was cloned into pTrcHisB using PstI and HindIII, and then rbcL was inserted using NcoI and PstI, yielding pTrc7002LS.
Co-expression of Rubisco and RbcX in E. coli
Plasmids pTrc7942LS and pTrc7002LS were transformed separately into E. coli XL1-Blue, and plasmids pACYC7942rbcX, pACYC7002rbcX and unmodified pACYC184 separately transformed into both cell lines. Co-transformed cells were selected on LB-Amp medium containing 30 mg ml À1 chloramphenicol (LB-Amp-Cm). Three colonies from each transformation were grown in 1 ml of LB-Amp-Cm liquid medium overnight at 378C and 0.1 ml used to inoculate duplicate Erlenmeyer flasks containing 100 ml of LB-Amp-Cm medium. The cultures were grown at 378C to an absorbance at 750 nm of $0.25 before inducing with 1 mM IPTG for 4 h at 378C or 16 h at room temperature (228C).
Quantitation of protein, Rubisco activity and content
Protein concentration was assayed using the Coomassie Plus TM Protein Assay Reagent (Pierce, Rockford, IL, USA). Rubisco activity in cyanobacterial or E. coli cell extracts was measured at 258C using an NADH-coupled spectrophotometric assay (Lilley and Walker 1974) with a Hewlett Packard diode array spectrophotometer, as described (Emlyn-Jones et al. 2006) . Rubisco in the soluble cell protein extracts was activated in 0.1 M EPPS-NaOH buffer (pH 8.0) containing 20 mM MgCl 2 and 25 mM NaHCO 3 for 5 min before initiating the reaction with 0.46 mM ribulose-P 2 synthesized according to Kane et al. (1998) . Carboxylase activity was determined from the rate of NADH oxidation (measured by the decrease in absorbance at 340 nm) as described (Lilley and Walker 1974) . Rubisco active site content was measured by stoichiometric binding of CABP as described previously (Butz and Sharkey 1989, Ruuska et al. 1998) . The cellular soluble protein extracts were incubated a further 10 min to carbamylate (activate) all the Rubisco active sites before incubating with 22 mM [ 14
